Introduction {#s01}
============

Cytokinesis is the terminal step of the cell cycle that forms a barrier to divide the cell into two daughter cells. It requires coordinated contractile actomyosin ring (CR) constriction and plasma membrane ingression. In fungal cells, cytokinesis requires the synthesis of a special cell wall called the division septum ([@bib13]; [@bib30]; [@bib68]). This septum is a three-layered structure formed by the simultaneous synthesis of a primary septum (PS) flanked by a secondary septum (SS) on each side ([@bib37]). In the fission yeast *Schizosaccharomyces pombe*, the PS is mainly composed of linear- and branched-β(1,3)glucan, whereas the SS only contains branched-β(1,3)glucan and some β(1,6)glucan ([@bib36]). Both the PS and SS also contain α(1,3)glucan ([@bib18]). These major polymers are synthetized by three essential glucan synthases, which localize to the plasma membrane of the division site and growing poles ([@bib15], [@bib16], [@bib18]; [@bib47]). Bgs1/Cps1 forms the linear-β(1,3)glucan of the PS ([@bib17]) and is mostly localized as a ring, tightly associated with the CR, at the edge of the septum membrane during ingression ([@bib15]; [@bib47]). Cooperation between Bgs1 and CR proteins is essential for CR stability and septum formation ([@bib4]; [@bib19]; [@bib21]; [@bib75]; [@bib50]). Bgs4 forms the major cell wall polymer, branched-β(1,3)glucan, which is required for cell integrity and for coupling septum synthesis to the otherwise faster membrane ingression ([@bib16]; [@bib51]; [@bib58]). Ags1/Mok1 forms the α(1,3)glucan, which is essential for cell integrity and is required for the PS adhesion strength needed to withstand the turgor pressure during cell separation ([@bib35]; [@bib43]; [@bib18]).

It has been proposed that the fission yeast CR sets its own tension and other processes set the rate of CR constriction ([@bib79]). The prevailing model for cytokinesis assumes that CR constriction requires the tension developed by the interaction of myosin-II with F-actin ([@bib84]; [@bib24]; [@bib33]; [@bib31]). Thus, the loss of F-actin in the presence of Latrunculin A (LatA), a drug that rapidly depolymerizes F-actin and sequesters the actin monomers ([@bib65]; [@bib88]; [@bib72]; [@bib28]), implies the loss of both CR tension and actomyosin-mediated contractility.

Previous examination of fission yeast cytokinesis with LatA led to the proposal that most of the force required for septum ingression is generated by PS growth rather than by CR constriction, and that the rate of PS synthesis determines the rate of CR constriction and septum ingression ([@bib72]). However, in the same study, it was shown that LatA blocks the ingression of all the septa shorter than 50% of the total septum length. Moreover, some CR proteins persist longer than F-actin in cells treated with LatA and may play a role in septum ingression without F-actin ([@bib60]; [@bib88]; [@bib81]; [@bib89]). In addition, the absence of the Bgs4-synthetized major β(1,3)glucan causes a faster CR constriction than that of normal septa and a slower synthesis of the PS that lags behind the CR and ingressing membrane, and cannot provide the proposed pushing force for septum ingression ([@bib58]; [@bib30]). Thus, the roles of the CR, PS, and septum membrane throughout septation need to be reexamined in more detail.

Here, we have further investigated the role of these structures by simultaneously analyzing the CR, glucan synthases localization, and septum edge ultrastructure during septum ingression in cells deprived of F-actin by short and long LatA treatments (from 5 min to 3 h). Our study reveals the existence of two separate phases of septum ingression, which correlate with different structural and phenotypical properties of the septum: an initial slow-ingressing septum rudiment (≤0.30 µm), for which the F-actin is essential and LatA induces an immediate loss of the Bgs1 ring; and a fast-ingressing septum (\>0.30 µm), in which the presence of F-actin is dispensable and where the Bgs1 ring persists much longer in the presence of LatA. Moreover, a detailed study of the septa longer than 0.30 µm revealed the dual function of the CR: it has (1) a landmark function dependent on the myosin-II heavy chain Myo2 and the formin Cdc12 to keep Bgs1 localized as a ring in the septum membrane edge and to maintain the septum shape, and (2) a contractile role. In addition, we describe and characterize many WT ingressing septa with the PS lagging behind the septum membrane edge. These findings show that fungal cytokinesis shares similarities with animal cytokinesis, requiring a centripetal CR and membrane closure, and with plant cytokinesis, requiring membrane addition as an important mechanism to drive cytokinesis.

Results {#s02}
=======

Fission yeast septation exhibits two consecutive phases with different ingression rates and levels of calcofluor staining {#s03}
-------------------------------------------------------------------------------------------------------------------------

In fission yeast, septum ingression starts in early anaphase B, after CR assembly and maturation during metaphase and anaphase ([Fig. 1, A and B](#fig1){ref-type="fig"}; [@bib20]). The CR matures by sequentially acquiring new CR proteins until CR constriction and septation onset ([@bib69]; [@bib45]). CR constriction and septum ingression is not a uniform process, first occurring with a slow ingression rate and later increasing after telophase onset ([@bib20]).

![**Septation comprises an evolving septum structure consisting of two consecutive phases with different ingression rates and levels of calcofluor staining. (A)** Model of the septum synthesis and formation of a cleavage furrow. Septation and CR constriction start in early--mid anaphase B with the activation of PS synthesis by the action of Bgs1 glucan synthase. Septum ingression is slow during anaphase B and increases during telophase (adapted from [@bib20]). **(B)** Scheme of the timing of the stable localization of different proteins as a ring at the cell middle with respect to the onset of septation and CR constriction (T = 0), first PS detection by CW staining (T = +0.5 min), and the mitotic phases (adapted from [@bib20]). **(C)** Model of septation (adapted from [@bib58]). A PS incipient rudiment formed by the sole action of Bgs1 becomes a fast-ingressing septum during telophase, which is a three-layered structure formed by the simultaneous synthesis of PS and SS by the action of Bgs1, Bgs4, and Ags1. The septum increases in thickness throughout ingression, and the complete septum maturation proceeds by additional SS synthesis. Finally, cell separation proceeds by PS degradation, forming a fission scar. Right: TEM magnifications from rudiments to longer septa increasing in thickness throughout ingression are shown. Large arrow, direction of septum ingression and CR constriction; small arrow, direction of septum thickness increase; line points inside the CR, glucan synthase rings, PS, and SS. Scale bar = 1 μm. **(D)** WT septation showing two phases with different ingression rates and levels of CW staining. Early log-phase cells grown in YES at 28°C were examined by phase-contrast and CW staining time-lapse video microscopy. Arrows, first CW-stained septum detection; green arrowhead, septum completion (31.3 ± 1.1 min, *n* = 12 cells). Scale bar = 5 μm. **(E)** Kymograph of the CW-stained cell depicted in D (dashed rectangle). Arrows, phase 1 septum rudiment exhibiting brighter CW fluorescence; bracket, ensuing phase 2 longer septum with weaker CW fluorescence. A scheme of the septum progression during both ingression phases (phase 1, 4--12 min, and phase 2, 12--32 min) in the kymograph is shown. Scale bar = 2 μm. **(F)** Distinct progression of the septum length along the two ingression phases. The CW-stained septum length was quantified from time-lapse videos as in D, and the average septum length was calculated (*n* = 12 cells). **(G)** The septum ingression rates (nanometer/minute ± SD) were calculated for the indicated time intervals of phase 1 and 2 from time-lapse sequences as in D (*n* = 12 cells). GS, glucan synthase; SPB, spindle pole body. Error bars show SD.](JCB_201808163_Fig1){#fig1}

Septum ingression and concomitant CR constriction start forming an incipient septum called the septum rudiment, in which only PS, made by the action of the glucan synthase Bgs1, is detected ([@bib58]; [@bib20]). During ingression, the rudiment changes to a three-layered structure of PS and SS due to the action of all the glucan synthases. The septum (comprising both the PS and SS) increases in thickness throughout ingression and by additional SS synthesis after completion ([Fig. 1 C](#fig1){ref-type="fig"}; [@bib58]; [@bib20]).

We examined the septum length and time when the septum switches from slow to fast ingression by performing time-lapse video microscopy of WT cells stained with calcofluor white (CW), a fluorochrome that specifically stains the PS (arrow, [Fig. 1 D](#fig1){ref-type="fig"}; [@bib17], [@bib20]). Low-exposed CW images revealed a differential CW staining during septum ingression, with the septum rudiment exhibiting brighter fluorescence (arrow, [Fig. 1 E](#fig1){ref-type="fig"}; Fig. S1 A; and Video 1) and the ensuing septum exhibiting a weaker and more diffuse fluorescence (bracket, [Fig. 1 E](#fig1){ref-type="fig"}; Fig. S1 A; and Video 1). This weaker CW-stained septum was detected ∼12--16 min after the first detection of the PS, and coincided with a switch in the septum ingression rate (3.5× increase), revealing two separate phases of ingression ([Fig. 1, D, F, and G](#fig1){ref-type="fig"}; [@bib20]). Quantification of the length of the CW-stained rudiment at the switch between ingression phases 1 (slow) and 2 (3.5× faster than phase 1) showed an average length of ∼0.2--0.4 µm ([Fig. 1, F and G](#fig1){ref-type="fig"}). These results show that septation is not uniform and comprises two consecutive phases with different ingression rates that correlate with different CW staining patterns.

F-actin is essential for ingression of the phase 1 septum rudiments {#s04}
-------------------------------------------------------------------

It has been reported that F-actin is dispensable for ingression of septa that have reached \>50% of total septum length ([@bib72]); however, the significance of F-actin during ingression of shorter septa is currently unknown. Thus, to understand the role of F-actin in the two phases of septation described above, we examined the septum ingression and morphology and glucan synthases localization in septa of different sizes and after short and long treatments with LatA (up to 3 h). For this purpose, GFP- and RFP-tagged glucan synthases and CW-stained septa were analyzed in cells grown in the presence of LatA for different periods of time. The fast disappearance of all F-actin structures in the presence of LatA (100 µM) was confirmed. After 5 min with LatA, no F-actin structure, including the actin ring, could be observed, and this absence continued after 30 min with LatA (Fig. S1 B).

Analyzing the septa according to the CW staining and glucan synthases localization for increasing periods of LatA treatment ([Fig. 2 A](#fig2){ref-type="fig"} and Fig. S1 C) showed a progressive decrease in the number of cells with a septum over time ([Fig. 2 B](#fig2){ref-type="fig"} and Fig. S1 D). The number of cells with open septa also decreased (open arrowhead, [Fig. 2 A](#fig2){ref-type="fig"} and Fig. S1, C and E), and only cells with complete septa (closed arrowhead) or with septum rudiments (arrow) remained over time with LatA ([Fig. 2, A and B](#fig2){ref-type="fig"}; and Fig. S1 C). The decrease in complete septa at longer times with LatA (Fig. S1 E) indicates that some of them were degraded because of cell separation (Fig. S2, A--D). These data corroborate the described finding that long open septa (\>50% of its total length) are able to ingress to completion in the presence of LatA ([@bib72]), whereas septum rudiments do not progress. Thus, we were prompted to analyze the relevance of the septum length for its ingression and completion in the absence of F-actin. Quantification of the septum length with increasing durations of LatA treatment showed that all open septa longer than 0.30 µm gradually disappeared, and after 1 h with LatA there were two major groups of septa: septum rudiments (0--0.30 µm) unable to ingress in the absence of F-actin, and complete septa ([Fig. 2 B](#fig2){ref-type="fig"}).

![**F-actin is essential for the ingression of incipient septum rudiments. (A)** Septation in cells treated with LatA. All the open septa (open arrowheads) except septum rudiments (arrows) progress to completion (closed arrowheads) in cells grown in the presence of LatA. Cells grown as in [Fig. 1 D](#fig1){ref-type="fig"} were shifted to YES containing LatA (100 µM; time 0) and analyzed by CW fluorescence microscopy. Scale bar = 5 μm. **(B)** The percentage of cells with septa divided into different length intervals as indicated was quantified in CW-stained cells as in A. After a long LatA treatment (1 h), most cells displayed either septum rudiments or complete septa (*n* = 1,077 septa). **(C)** LatA treatment in cells with septum rudiments causes Bgs1, Bgs4, and Ags1 glucan synthase spreading, forming large lateral bands (arrows). Cells were grown as in A and simultaneously analyzed by RFP, GFP, and CW fluorescence microscopy after 15 min with LatA. Scale bar = 2 μm. **(D)** Time-lapse sequences from incipient septation to completion in the absence of LatA (top panel) or from incipient septation to ingression arrest and spreading of Bgs1 in the presence of LatA (middle and bottom panels). Cells grown as in [Fig. 1 D](#fig1){ref-type="fig"} were shifted to YES containing LatA (time 0) and examined by RFP-Bgs1 and CW fluorescence time-lapse video microscopy. Arrows, loss of Bgs1 ring and spreading of Bgs1; white arrowheads, septum rudiment; blue arrowhead, septum completion; dashed rectangles, septum area shown in the time-lapse sequences of CW series. Scale bars = 5 μm. **(E)** TEM ultrastructure of control septa formed in cells without LatA treatment. Both open and complete septa present the typical three-layered structure of PS and SS. Cells were grown as in A without LatA and analyzed by TEM. Line points inside the PS and SS. Scale bars = 2 μm. **(F)** Ultrastructure of the lateral cell wall depositions (arrows) generated from non-ingressing septum rudiments without F-actin. Cells were grown as in A with LatA and analyzed by TEM. Scale bars = 2 μm. **(G)** Model of septum rudiment arrest and the ensuing lateral deposition of cell wall in the absence of F-actin. LatA treatment causes the blockage of slow-ingressing rudiments (phase 1, \<0.30 µm in length) and Bgs1, Bgs4, and Ags1 spreading all over the plasma membrane, forming ICWs. GS, glucan synthase. Error bars show SD.](JCB_201808163_Fig2){#fig2}

The special F-actin dependence of the septum rudiment ingression was analyzed both in cell population and in time-lapse video experiments. During all LatA treatments, the cells with septum rudiments always displayed the glucan synthases as large lateral bands in the plasma membrane of the cell middle, which increased over time instead of remaining concentrated, forming a ring at the septum edge (arrow, [Fig. 2 C](#fig2){ref-type="fig"} and Fig. S3 A). Time-lapse sequence analysis of RFP-Bgs1 rings in cells treated with LatA corroborated the finding that rudiments cannot ingress and cannot maintain Bgs1 concentrated at the septum edge in the absence of F-actin (arrow, [Fig. 2 D](#fig2){ref-type="fig"}). Bgs1 was, however, active and able to form CW-stained lateral cell wall depositions upon spreading from the initial CW-stained rudiment (arrowhead, [Fig. 2 D](#fig2){ref-type="fig"}).

The ultrastructure of the septum rudiments in cells treated with LatA was analyzed using transmission EM (TEM). The control cells (−LatA) showed a typical PS in rudiments and three-layered structures in longer open and complete septa that are composed of a PS flanked on both sides by the SS ([Fig. 2 E](#fig2){ref-type="fig"}), as previously described ([@bib17], [@bib18]; [@bib58]; [@bib30]). The LatA-treated cells with non-ingressing rudiments consistently showed large lateral cell wall depositions around the septum rudiments, indicative of active glucan synthases unable to perform septum ingression (arrow, [Fig. 2 F](#fig2){ref-type="fig"}). Thus, F-actin is essential for the slow ingression of septum rudiments (≤0.30 µm; [Fig. 2 B](#fig2){ref-type="fig"}), and its absence causes the spreading of glucan synthases, which form a remedial internal cell wall (ICW; [Fig. 2 G](#fig2){ref-type="fig"}) instead of the septum.

F-actin is dispensable for the ingression of phase 2 long septa {#s05}
---------------------------------------------------------------

To understand why F-actin is dispensable for the ingression of longer septa (\>0.30 µm, phase 2), we studied in more detail the ingression of these septa in the presence of LatA. It was observed that after short LatA treatments (5--15 min), most of the open septa maintained a normal thin shape under fluorescence microscopy, with the glucan synthases correctly localized to the septum edge ([Fig. 3 A](#fig3){ref-type="fig"} and Fig. S3 B). These results suggested the possible persistence of some CR proteins during LatA treatment that helped to maintain the glucan synthases localized as a ring. Time-lapse video microscopy of cells with septa longer than 0.30 µm (phase 2 of ingression) during short LatA treatments showed complete but slower ingression (middle and bottom panels, [Fig. 3 B](#fig3){ref-type="fig"}) than that of similar septa in cells without LatA (top panel, [Fig. 3 B](#fig3){ref-type="fig"}). Bgs1 remained localized as a ring at the septum edge during the entire ingression in the presence of LatA ([Fig. 3 B](#fig3){ref-type="fig"}), and this prompted us to examine the presence of CR myosin-II in these cells. Although F-actin structures disappeared quickly with LatA treatment (Fig. S1 B), myosin-II regulatory light chain Rlc1 remained during the entire septum progression until completion (green and blue arrowheads, [Fig. 3 B](#fig3){ref-type="fig"}). Consistent with previous reports, the Rlc1 ring was more stable than actin in the presence of LatA ([@bib60]; [@bib89]). Rlc1, like other CR proteins, colocalized with the Bgs1 ring ([@bib47]; [@bib57]; [@bib67]; [@bib75]; [Figs. 1 C](#fig1){ref-type="fig"} and [3 B](#fig3){ref-type="fig"}, merge panels), and, therefore, the Bgs1 signal was used to define both CR constriction rate and septum membrane ingression rate.

![**F-actin is dispensable for the ingression of the longer septa of phase 2. (A)** After short LatA treatment (5--15 min), the longer septa of phase 2 remain thin and with Bgs1, Bgs4, and Ags1 correctly concentrated as a ring at the septum edge. Cells were grown in the presence of LatA and analyzed as in [Fig. 2 C](#fig2){ref-type="fig"}. Scale bar = 2 μm. **(B)** Time-lapse video microscopy of phase 2 septum ingression in cells grown either in the absence (control, top panel) or in the presence of LatA (middle and bottom panels). RFP-Bgs1, myosin-II regulatory light chain Rlc1-GFP, and CW fluorescence enabled the detection of the septum membrane, CR, and PS, respectively. Cells were grown in YES without or with LatA added at time = 0 and analyzed as in [Fig. 2 D](#fig2){ref-type="fig"} by RFP, GFP, and CW fluorescence microscopy. CR diameter at time = 0 measured as Rlc1 fluorescence was 0.61 µm (top panel), 0.64 µm (middle panel), and 0.81 µm (bottom panel). Dashed rectangles, septum area shown in the time-lapse sequences of Rlc1, Bgs1 and Rlc1 merge, and CW series; green arrowheads, Rlc1 ring loss; blue arrowhead, septum completion. Scale bars = 5 μm. **(C)** Ultrastructure of thin septa formed in cells after a short LatA treatment. The septa slightly increase in thickness and finish in a sharp edge (arrows). The PS is twisted, suggesting a misdirected ingression due to the absence of CR tension. Cells were grown as in [Fig. 2 A](#fig2){ref-type="fig"} in the presence of LatA and analyzed by TEM. The control septa formed without LatA are shown in [Fig. 2 E](#fig2){ref-type="fig"}. Line points inside the PS and SS. Scale bars = 2 μm. **(D)** Model of thin septum ingression in the absence of F-actin. Short LatA treatments in phase 2 ingressing septa (\>0.30 µm in length) promote a slight reduction in the ingression rate, but the glucan synthase rings and CR Rlc1 remain until completion. GS, glucan synthase.](JCB_201808163_Fig3){#fig3}

Next, the ultrastructure of ingressing septa longer than 0.30 µm after short LatA treatments (5--15 min) was analyzed using TEM. Although these septa appeared to be normal under fluorescence microscopy ([Fig. 3, A and B](#fig3){ref-type="fig"}), they had altered ultrastructures with twisted PSs ([Fig. 3 C](#fig3){ref-type="fig"}), probably due to the misdirected ingression caused by the absence of CR tension. The septa ended with a sharp edge (arrow, [Fig. 3 C](#fig3){ref-type="fig"}), which is consistent with the observed Bgs1 ring at the septum edge of LatA-treated cells by fluorescence microscopy during similar times ([Fig. 3, A and B](#fig3){ref-type="fig"}). TEM also revealed slightly thicker open and complete septa, indicative of glucan synthases activity during the slower septum ingression ([Fig. 3 C](#fig3){ref-type="fig"}). In summary, short LatA treatments of ingressing septa (\>0.30 µm, phase 2) promoted a slight reduction in the ingression rate, but the glucan synthase rings and at least CR Rlc1 remained until completion ([Fig. 3 D](#fig3){ref-type="fig"}).

The absence of F-actin causes the spreading of the Bgs1 ring, which unveils a CR landmark function essential for the shape and ingression rate of phase 2 long septa {#s06}
--------------------------------------------------------------------------------------------------------------------------------------------------------------------

It was observed under fluorescence microscopy that after long LatA treatments (15--30 min), cells exhibited a new phenotype of thick aberrant septa (hereafter referred to as thick septa in contrast to thin septa) with the glucan synthases spread all over the septum membrane (arrow, [Fig. 4 A](#fig4){ref-type="fig"}). Quantification of this phenotype confirmed these observations of thick septa with Bgs1 spread (arrow, Fig. S3 C) and showed that open thick septa decreased over time, with complete thick septa appearing concomitantly. Thus, septum synthesis in the absence of both F-actin and the Bgs1 ring progressed to completion (Fig. S3 C). Time-lapse sequences of these cells demonstrated that thin ingressing septa switched to thick septa during LatA treatment (red arrowhead, [Fig. 4 B](#fig4){ref-type="fig"}). These thick septa completed ingression (blue arrowhead) at a much slower rate than that of both control septa without LatA and thin septa with LatA ([Figs. 3 B](#fig3){ref-type="fig"} and [4 B](#fig4){ref-type="fig"}). The emergence of thick septa occurred immediately after the loss of the Bgs1 ring and its spread all over the septum membrane (arrow), despite the presence of the Rlc1 ring ([Fig. 4 B](#fig4){ref-type="fig"} and Fig. S3 D). These data suggest that Rlc1 is not the CR protein responsible for the landmark function that concentrates the glucan synthases as a ring in the absence of F-actin.

![**The CR landmark function is essential for the maintenance of the glucan synthase rings, the shape, and the ingression rate of the phase 2 long septa. (A)** After long treatments with LatA (15--30 min), the phase 2 ingressing septa became thick and aberrant, with Bgs1, Bgs4, and Ags1 spread all over the septum membrane. Cells were grown in the presence of LatA and analyzed as in [Fig. 2 C](#fig2){ref-type="fig"}. Scale bar = 2 μm. **(B)** The thick septa formed in cells treated with LatA can slowly ingress to completion. The emergence of thick septum morphology coincides with the loss of Bgs1 ring and the spreading of Bgs1 all over the septum membrane (arrows), but not with the loss of the Rlc1 ring, which remains for a longer period. Cells were grown and imaged using time-lapse video microscopy as in [Fig. 3 B](#fig3){ref-type="fig"}. Upper panel, control nontreated cells (CR diameter at time = 0 of Rlc1 = 0.81 µm); middle and lower panels, LatA-treated cells (middle, CR diameter at time = 0 of Rlc1 = 0.90 µm; bottom, Bgs1 ring diameter at time = 0 of 0.74 µm). Dashed rectangles, septum area shown in the time-lapse sequences of Rlc1, Bgs1 and Rlc1 merge, and CW series. Red arrowheads, thick septum onset; green arrowheads, Rlc1 ring loss; blue arrowheads, septum completion detected by RFP-Bgs1 septum membrane closure. Scale bars = 5 μm. **(C)** The length and timing of thin and thick septa were analyzed from time-lapse videos as in [Fig. 3 B](#fig3){ref-type="fig"} and [Fig. 4 B](#fig4){ref-type="fig"}. Images were captured at 2-min intervals. Left: septa longer than 60% of the total length at the time of LatA addition are completed as thin septa, whereas septa shorter than 60% of the length change morphology and are completed as thick septa (*n* = 38 cells). Middle: the Bgs1 ring loss and septum change to become thick occur ∼15 min after LatA addition (*n* = 19 cells). Right: the septum progression from the start of LatA addition to the Bgs1 ring loss and emergence of thick morphology is \~24% of the total septum length (*n* = 29 septa). **(D and E)** Ultrastructure of thick septa formed after 15--30 min (D) or 2 h (E) of LatA treatment. The septa are thick, blunt structures (arrows) with twisted PSs, likely due to the absence of the Bgs1 ring (landmark defect) and to a contractile defect. The complete long-term thick septa (E) present an additional ICW probably made by Bgs1, Bgs4, and Ags1 spread all over the septum membrane, generating abnormal five-layered septa. Cells were grown in the presence of LatA as in [Fig. 2 A](#fig2){ref-type="fig"} and examined by TEM. The control septa formed without LatA are in [Fig. 2 E](#fig2){ref-type="fig"}. Arrows, whole thick septum structure; line points inside the PS, SS, and ICW. Scale bars = 2 µm. GS, glucan synthase. Bars in graphs show the average, and error bars indicate SD. Data distribution was assumed to be normal, but this was not formally tested.](JCB_201808163_Fig4){#fig4}

A more detailed analysis of the septum length and the timing of Bgs1 ring loss and thick septum formation indicated that septa longer than 60% of the total septum length (∼1.2 µm) at the time of LatA addition were able to complete cytokinesis as thin septa, whereas shorter septa, between 0.30 µm and 1.2 µm at the time of LatA addition, formed thick septa before completion ([Fig. 4 C](#fig4){ref-type="fig"}, left). During the time from LatA addition to Bgs1 ring loss and thick septum onset, which is ∼15 min ([Fig. 4 C](#fig4){ref-type="fig"}, middle), there was an average ingression of 0.47 µm, which corresponds to 24% of the total septum length ([Fig. 4 C](#fig4){ref-type="fig"}, right). Thus, all septa that require \>15 min (or \>0.47 µm) to reach completion will become thick in the presence of LatA.

The ultrastructure of the thick ingressing septa formed after different durations of LatA treatment (15--30 min and 2 h) was examined by TEM. After 15--30 min with LatA, most open septa appeared as thick blunt structures (arrow, [Fig. 4 D](#fig4){ref-type="fig"} and Fig. S3 E); however, a few still presented the sharp edge of thin septa (arrowhead, Fig. S3 E). After 2 h in the presence of LatA, all the septa developed into much thicker structures (arrow) with twisted PSs ([Fig. 4 E](#fig4){ref-type="fig"}), probably due to a misdirected ingression caused by the loss of CR tension. In addition, an ICW layer was formed all over the septum, generating thicker five-layered septa ([Fig. 4 E](#fig4){ref-type="fig"}). Consistent with this observation, the new ends of the daughter cells formed after the separation of cells with five-layered septa maintained the ICW layer (Fig. S2 D). These data show that cells without both F-actin and glucan synthase rings are still able to maintain active glucan synthases along the septum membrane, and that at least some of the complete thick septa can eventually be degraded to become the pole of the new cell.

The rate of septum ingression and ring constriction in LatA-treated cells with thin and thick septa was analyzed in kymographs of RFP-Bgs1 time-lapse videos ([Fig. 5 A](#fig5){ref-type="fig"}), revealing two different, and likely consecutive, defective ingression rates ([Fig. 5 B](#fig5){ref-type="fig"}): first, a slow ingression rate of thin septa in the absence of F-actin (defective contractile function) but with persistent Bgs1 rings, which was half (51%) the septum ingression rate in control cells without LatA; and second, an extremely slow ingression rate of thick septa without both F-actin (defective contractile function) and Bgs1 rings (defective landmark function) that was 5% of the ingression rate in the control cells ([Fig. 5, A and B](#fig5){ref-type="fig"}). In summary, long LatA treatments promote a high reduction in the ingression rate of septa longer than 0.30 µm (phase 2) and the spreading of glucan synthases all over the septum membrane, which results in a very thick and atypical five-layered septum structure with PS, SS, and ICW ([Fig. 5 C](#fig5){ref-type="fig"}). Overall, our results show that CR F-actin is essential for the ingression of septum rudiments ≤0.30 µm (phase 1 of ingression; [Fig. 5 D](#fig5){ref-type="fig"}, 1), but dispensable for the ingression and completion of septa longer than 0.30 µm (phase 2 of ingression; [Fig. 5 D](#fig5){ref-type="fig"}, 2). Additionally, the ingression rate of septa longer than 0.30 µm without F-actin revealed two specific CR contributions to septum ingression: a role as a contractile structure, which exclusively depends on F-actin ([Fig. 5 D](#fig5){ref-type="fig"}, 2a and 2b), and a role as a spatial landmark, which is essential for both Bgs1 ring and septum morphology maintenance and depends not only on F-actin but on certain CR components ([Fig. 5 D](#fig5){ref-type="fig"}, 2a).

![**Contractile and landmark dual contributions of the CR to septum ingression. (A and B)** Kymographs of Bgs1 time-lapse videos as in [Figs. 3 B](#fig3){ref-type="fig"} and [4 B](#fig4){ref-type="fig"} (A) and ingression rates (nanometer/minute ± SD; B) of control (*n* = 14 cells) and LatA-treated cells with thin (contractile defect; *n* = 10 cells) and thick (landmark defect; *n* = 15 cells) septa. Arrows, Bgs1 ring loss and emergence of thick septum morphology. Scale bars = 2 μm. **(C)** Model of thick septum ingression in the absence of contractile (F-actin) and landmark functions of the CR. Long LatA treatment in phase 2 ingressing septa promotes loss of the glucan synthase rings and a concomitant severe reduction in the ingression rate. The glucan synthases spread all over the septum membrane, and the complete septum forms a very thick and atypical five-layered structure with PS, SS, and ICW. **(D)** Scheme of the essential (1), contractile (2a and 2b), and landmark (2a) contributions of the CR to septum ingression. In the presence of LatA (1), the defect caused by the lack of F-actin blocks the ingression of phase 1 rudiments, and the contractile (2a and 2b; F-actin loss) and landmark (2a; glucan synthase rings loss) dual defects promote a moderate and a severe reduction, respectively, in the ingression rate (51% and 5% of residual ingression rates) of phase 2 long septa. GS, glucan synthase.](JCB_201808163_Fig5){#fig5}

The CR landmark function responsible for the Bgs1 ring persistence in phase 2 septa specifically depends on the CR components Myo2 and Cdc12 {#s07}
--------------------------------------------------------------------------------------------------------------------------------------------

Given that Rlc1 persisted after the loss of the Bgs1 ring in the presence of LatA, the localization of other CR proteins in cells treated with LatA was examined using time-lapse video microscopy ([Fig. 6 A](#fig6){ref-type="fig"} and Fig. S4 A). The loss of myosin-II heavy chain Myo2 (green arrowhead) was coincident with that of the Bgs1 ring (arrow) and with the appearance of thick septum morphology (red arrowhead, [Fig. 6 A](#fig6){ref-type="fig"}). In contrast, the other myosin-II heavy chain, Myo3/Myp2, and the myosin-V, Myo51, disappeared immediately after LatA addition (Fig. S4, A and B). In control cells without LatA, Myo2 and Myo51 localized to the CR until septum completion (blue arrowhead, [Fig. 6 A](#fig6){ref-type="fig"} and Fig. S4 A). The persistence of other CR proteins in the septum of cells treated with LatA was also analyzed in cell populations and compared with that of the Bgs1 ring (Fig. S4 B). A comparative examination enabled the classification of the CR proteins into three groups with different behaviors upon LatA treatment ([Fig. 6 B](#fig6){ref-type="fig"}): (1) low persistence, absent from the septum within 5 min with LatA (arrow), including F-actin, Myo3, and Myo51; (2) medium persistence, a marked decreased concentration at the septum after 15 min with LatA (arrow), including all glucan synthase rings, Myo2, and the formin Cdc12; and (3) high persistence, a decreased concentration only after 30 min with LatA (arrow), including paxillin Pxl1, the F-BAR homologue Cdc15, and Rlc1.

![**The CR landmark function is responsible for the Bgs1 ring persistence in the phase 2 septa and depends on the CR components Myo2 and Cdc12. (A)** The onset of thick septa in cells with LatA carrying RFP-Bgs1 and Myo2-GFP was analyzed by time-lapse video microscopy as in [Fig. 3 B](#fig3){ref-type="fig"} (bottom panel). In control cells without LatA treatment, Myo2 remains in the CR during the entire septum ingression (top panel). In cells with LatA, Myo2 is lost coincident with the loss of the Bgs1 ring (arrow) and the onset of thick septa (bottom panel). Dashed rectangles, septum area shown in the time-lapse sequences of Myo2-GFP and CW series; red arrowhead, thick septum onset; green arrowheads, Myo2 ring loss; blue arrowhead, septum completion. Scale bars = 5 μm. **(B)** The persistence of CR proteins and glucan synthase rings in cells treated with LatA was analyzed. Persistence was quantified as percentage of open septa with the corresponding protein localized as a ring at the septum edge at the indicated times of LatA treatment. The localization analysis enabled the classification of the studied proteins into three persistence categories: low (including F-actin; lost after 5 min), medium (including all glucan synthases; highly reduced after 15 min), and high persistence (reduced only after 30 min) in the presence of LatA. Differences in the persistence of each group are marked (arrows). All proteins were analyzed simultaneously using Bgs1 as a control. Cells were grown in the presence of LatA as in [Fig. 2 C](#fig2){ref-type="fig"} (*n* = 837 septa). **(C)** Bgs1 depletion generates thick septa (arrows). 81X-*bgs1^+^* cells carrying plasma membrane syntaxin GFP-Psy1 to visualize the septum thickness were grown in MM+S at 28°C and analyzed using GFP fluorescence microscopy at the indicated times of *bgs1^+^* repression with thiamine (+T). Scale bars = 5 μm. **(D)** Bgs1 depletion promotes thick septation with normal Myo2 and Cdc12 localization as a ring (arrows). Cells were grown and analyzed by fluorescence microscopy as in C. Scale bar = 2 μm. **(E)** Loss of Myo2 function causes the loss of Cdc12 ring and vice versa, and both equally generate the simultaneous Bgs1 ring loss and thick septation (arrows; left panels of septum details). The mutant cells *myo2-E1* or *cdc12-112* were grown in YES+S at 25°C, the temperature was shifted as specified, and the cells were analyzed by fluorescence microscopy. There is a gradual decrease in fluorescence intensity of the Bgs1 and Cdc12 rings in *myo2-E1* thermosensitive mutant cells (*n* = 140 septa) and of the Bgs1 and Myo2 rings in *cdc12-112* thermosensitive mutant cells (*n* = 149 septa; right panels). The Bgs1 ring vanishes and Bgs1 spreads all over the septum membrane after the Cdc12 or Myo2 ring disappears (dotted red line). Scale bars = 5 μm. **(F)** Bgs1 depletion promotes the loss of Bgs4 and Ags1 rings and the spread of these proteins all over the membrane of the thick septa (arrows, septum details). Cells were grown and analyzed as in C. Scale bars = 2 μm. **(G)** Scheme of the protein pathway involved in the contractile and landmark functions of the CR. Error bars show SD. Data distribution was assumed to be normal, but this was not formally tested.](JCB_201808163_Fig6){#fig6}

Likely CR proteins that are either absent before (Myo3 and Myo51) or remain in the septum after the emergence of thick septa (Pxl1, Cdc15, and Rlc1) in cells treated with LatA are not involved in the generation of these thick septa. In contrast, the loss of some CR proteins, such as Myo2 and Cdc12, which was coincident with the loss of the Bgs1 ring ([Fig. 6 B](#fig6){ref-type="fig"}), might trigger this Bgs1 loss, which in turn might cause the appearance of thick septa. In agreement with this hypothesis, the sole Bgs1 depletion (analyzed using a strain with *bgs1*^+^ expressed under the control of the lowest expression version 81X of the thiamine-repressible *nmt1^+^* promoter, +thiamine, +T) was enough to produce thick septa similar to those observed in cells treated with LatA (arrow, [Fig. 6 C](#fig6){ref-type="fig"} and Fig. S4 C; [@bib17]). Moreover, these thick septa ingressed at a very slow rate similar to that of thick septa caused by LatA treatment (Fig. S4, D and E). However, in these thick septa generated by Bgs1 depletion, the CR proteins, including Myo2 and Cdc12, remained localized as a ring (arrow, [Fig. 6 D](#fig6){ref-type="fig"} and Fig. S5 A).

To examine the role of Myo2 and Cdc12 in the maintenance of the Bgs1 ring, *myo2-E1* and *cdc12-112* thermosensitive mutant cells were used to analyze by fluorescence microscopy the localization of Bgs1 and Cdc12 or Bgs1 and Myo2, respectively ([Fig. 6 E](#fig6){ref-type="fig"}). The loss of Myo2 function in *myo2-E1* caused the progressive loss of Cdc12 and Bgs1 rings, as detected by measuring the fluorescence intensity of the residual Cdc12-YFP and RFP-Bgs1 rings ([Fig. 6 E](#fig6){ref-type="fig"}, right). Similarly, the absence of Cdc12 function in *cdc12-112* produced a gradual loss of the Myo2-GFP and RFP-Bgs1 rings ([Fig. 6 E](#fig6){ref-type="fig"}, right). In both cases, the concomitant formation of a thick septum was observed (arrow, [Fig. 6 E](#fig6){ref-type="fig"}, left). Altogether, these data suggest that Myo2 and Cdc12 are responsible for Bgs1 ring localization, and that loss of the Bgs1 ring is responsible for the thick septum emergence and its slow ingression rate. In agreement with this, the thick septa generated in the absence of Myo2 or Cdc12 function were able to slowly ingress to completion, but septum degradation was impaired, resulting in a high accumulation of complete septa in the cells (Fig. S5 B).

All glucan synthase rings were lost with the appearance of thick septa in cells treated with LatA ([Figs. 4 A](#fig4){ref-type="fig"} and [6 B](#fig6){ref-type="fig"}). However, while Bgs1 depletion caused the loss of Ags1 and Bgs4 rings and spreading of these proteins all over the membrane of thick septa (arrow, [Fig. 6 F](#fig6){ref-type="fig"} and Fig. S5 C), depletion of either Ags1 or Bgs4 (by using 81X-*ags1*^+^ or 81X-*bgs4*^+^ strains grown with thiamine, +T) promoted neither the loss of the Bgs1 ring nor the generation of thick septa (Fig. S5 D; [@bib18], [@bib19]; [@bib58]). These data indicate that Bgs1 directs the localization of the other glucan synthases, Ags1 and Bgs4, but not the opposite, and suggest that Bgs1 delocalization is responsible for the spreading of Ags1 and Bgs4 throughout the septum membrane, which altogether cause the formation of thick septa.

In summary, these results confirm our finding of two separate roles for the CR: landmark and contractile functions ([Fig. 6 G](#fig6){ref-type="fig"}). Myo2 and Cdc12 contribute to the CR landmark function independently of its contractile function, in which both proteins likely participate. Both Myo2 and Cdc12 regulate the maintenance of Bgs1 as a ring, which in turn is the direct effector of the CR landmark function, concentrating the other glucan synthases ([Fig. 6 G](#fig6){ref-type="fig"}).

The Bgs1 ring exhibits a differential persistence in the septum edge during the two phases of septation in the presence of LatA {#s08}
-------------------------------------------------------------------------------------------------------------------------------

We have seen that fission yeast septation exhibits two consecutive phases with different ingression rates: phase 1 of slow-ingressing septum rudiments until they reach a length of ∼0.2--0.4 µm, and phase 2 of fast-ingressing septa ([Fig. 1, F and G](#fig1){ref-type="fig"}). In addition, we have described that after LatA treatment, the septum rudiments (≤0.30 µm) arrested ingression and the Bgs1 ring diffused to form Bgs1 lateral bands, whereas septa longer than 0.30 µm were able to ingress to completion and the Bgs1 ring persisted for a longer time ([Figs. 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}). To study the relationship between septum length and Bgs1 ring stability in the presence of LatA, we analyzed the presence of Bgs1 rings in septa of different sizes. We found that after 5 min in the presence of LatA, the Bgs1 ring was absent in all septum rudiments (≤0.30 µm; [Fig. 7 A](#fig7){ref-type="fig"}) but present in all ingressing septa longer than 0.30 µm (arrow, [Fig. 7 A](#fig7){ref-type="fig"}). Since the Bgs1 ring localization depended on Myo2 and Cdc12, we examined the persistence of these proteins in both rudiments and longer septa throughout LatA treatment and found it similar to that of Bgs1 ([Fig. 7 B](#fig7){ref-type="fig"}). These data show a differential persistence during LatA treatments of Bgs1, Myo2, and Cdc12 with respect to the septum size, which is coincident with the two different ingression rates and levels of CW staining detected under physiological conditions ([Fig. 7 C](#fig7){ref-type="fig"}).

![**The Bgs1 ring and CR proteins exhibit a differential persistence in the septum edge during the two consecutive septation phases in cells deprived of F-actin. (A)** Persistence of Bgs1 localization as a ring in cells after 5 min of LatA treatment (arrow). The percentage of open septa containing RFP-Bgs1 as a ring with respect to the septum length (measured by CW staining) was quantified. Bgs1 ring was found to be absent (Bgs1 spread) in phase 1 rudiments (≤0.30 µm) and still present (arrow) in phase 2 ingressing septa (\>0.30 µm; *n* = 281 septa). **(B)** Myo2 and Cdc12 also display a dual persistence in cells treated with LatA. The persistence of Bgs1 (*n* = 728 septa), Myo2 (*n* = 152 septa), and Cdc12 (*n* = 83 septa) localizations as rings in either phase 1 rudiments or phase 2 ingressing septa was quantified as in A. **(C)** Scheme of the two successive septation phases in cells lacking F-actin: non-ingressing septum rudiment (≤0.30 µm, septum of phase 1) and ingressing longer septum (\>0.30 µm, septum of phase 2). Error bars show SD.](JCB_201808163_Fig7){#fig7}

Septum ingression in the absence of F-actin depends on Cdc42 GTPase and the exocyst complex {#s09}
-------------------------------------------------------------------------------------------

Besides Bgs1, other septum membrane proteins participate in septum synthesis and ingression, and, therefore, the chronological appearance in the middle of the cell of relevant septum proteins (green arrowhead), with respect to Bgs1 localization (red arrowhead) and septum synthesis (blue arrowhead), was determined by kymograph analysis of time-lapse videos ([Fig. 8, A and B](#fig8){ref-type="fig"}; and Fig. S6 A). The Bgs1 ring formed immediately before the onset of septation and CW detection during anaphase B as described previously ([@bib20]), whereas the rest of the analyzed proteins localized as diffuse patches or bands in the middle of the cell before the onset of septation (Fig. S6 A), and later, after the start of septation, they stably localized as a ring at the septum edge in a sequential fashion ([Fig. 8 B](#fig8){ref-type="fig"}). Next, we analyzed in cell populations whether the stable localization to the septum edge of each protein occurs during rudiment maturation (≤0.30 µm) or after formation of mature septa (\>0.30 µm). We observed that a given protein could be detected in similar sized septa either diffusely localized (open arrowhead) or as a stable ring (closed arrowheads, Fig. S6 B). Thus, the maximum septum length, with a diffuse localization of the protein, and the minimum septum length, with the protein localized as a ring, were determined for each of the selected proteins (Fig. S6 C). The coincidence of these two values was considered the septum length at which the protein is stably incorporated. As expected, the sequential protein localization according to the septum length correlated well with the order of protein localization determined by time-lapse video analysis ([Fig. 8 B](#fig8){ref-type="fig"} and Fig. S6 C). These analyses show that all septum proteins, except the anillin Mid2, localized during the maturation process of the rudiment (phase 1, Fig. S6 C), suggesting that any of those proteins could be responsible for the differential properties of phase 1 and 2 of ingression and for the switching to a stable septum in the presence of LatA.

![**Septum ingression in the absence of F-actin depends on Cdc42 GTPase and the exocyst complex. (A)** Kymographs of time-lapse videos to visualize the onset of stable localization of different septum proteins (green arrowheads) with respect to Bgs1 ring localization (red arrowheads) and the onset of septum synthesis (T = 0). Time = 0 was the time immediately before the first CW-stained septum detection (blue arrowheads). Cells were visualized by simultaneous GFP (septum protein), RFP (Bgs1), and CW (PS structure) fluorescence time-lapse video microscopy in each case (*n* = 95 cells). Kymographs simultaneously detecting chitin synthase homologue Chs2, Bgs1, and CW are shown as an example. For simplicity, only the GFP kymograph of the other analyzed proteins indicating the start of stable GFP localization (green arrowheads) is shown, and the corresponding RFP-Bgs1 and CW detections are shown by the red and blue arrowheads, respectively (RFP and CW kymographs not depicted). The kymographs were aligned with respect to the start of CW detection (blue arrowheads). Scale bar = 2 µm. **(B)** Scheme of the timing (minute ± SD) of stable localization of the analyzed septum proteins in the time-lapse video series from A with respect to the simultaneous localizations of the Bgs1 ring (red), onset of septation (T = 0), and detection of the CW-stained septum (T = +0.5, blue; *n* = 95 cells). The timing of anaphase B, spindle disassembly, and telophase was selected from data previously reported in similar time-lapse video analyses ([@bib20]). **(C)** Cdc42 GTPase, Gef1 exchange factor, Hob3 BAR protein, Shk1 effector kinase, and the exocyst complex are essential for the ingression of phase 2 septa (\>0.30 µm) in cells deprived of F-actin (arrows). The number of phase 2 open septa was quantified at the indicated times after treatment with LatA (*n* = 4,554 open septa). Values are the relative percentage of phase 2 open septa with respect to the total number of cells and were normalized, giving a value of 100% to the initial percentage of phase 2 open septa without LatA treatment. Cells were grown in YES at 28°C in the case of constitutive mutants, or at 25°C and shifted to the indicated temperatures in the case of thermosensitive mutants, transferred to YES containing LatA and analyzed by RFP-Bgs1 and CW fluorescence microscopy. The temperatures used correspond to the highest permissive temperature at which the septum ingression of thermosensitive mutant cells and control WT cells without LatA treatment proceeded as normal (not depicted). A scheme of the protein pathway involved in the control of septum ingression is shown. CRIB, Cdc42/Rac-interacting binding (probe for active Cdc42-GTP). Error bars show SD.](JCB_201808163_Fig8){#fig8}

Therefore, we examined the percentage of ingressing septa (\>0.30 µm in length) in mutant cells defective for the different analyzed septum proteins and during different periods of LatA treatment ([Fig. 8 C](#fig8){ref-type="fig"} and Fig. S6 D). As a control, we confirmed that the ingression without LatA treatment of all the defective mutant strains (either nonessential deletions or thermosensitive mutants grown at the highest permissive temperature) proceeded as that of control cells under the assayed conditions. We found that Cdc42 GTPase, a major regulator of F-actin cable assembly and polarized secretion ([@bib25]), was essential for septum ingression in the presence of LatA (arrow, [Fig. 8 C](#fig8){ref-type="fig"}). Thus, arrest of septum ingression was observed in both *cdc42-D76G* and thermosensitive *cdc42-L160S* hypomorphic mutants ([@bib25]). The two Cdc42 guanine nucleotide exchange factors (GEFs) Gef1 and Scd1 promote cytokinesis via the differential activation of Cdc42 ([@bib87]). We found that Gef1, but not Scd1, was critical for the ingression of septa lacking F-actin (arrow, [Fig. 8 C](#fig8){ref-type="fig"} and Fig. S6 D). The function of the BAR protein Hob3, which is required to localize Cdc42 to the septum ([@bib14]), was also crucial for septum ingression with LatA. The Cdc42 effector kinase Shk1, but not Shk2, was also required (arrow, [Fig. 8 C](#fig8){ref-type="fig"} and Fig. S6 D). Similarly, the exocyst ([@bib86]; [@bib90]) was essential for septum ingression in the presence of LatA, as observed by the arrest in septum ingression in the exocyst mutant *sec8-1* (arrow, [Fig. 8 C](#fig8){ref-type="fig"}). The rest of the analyzed proteins were dispensable for septum ingression in the presence of LatA, since their absence did not alter the ingression rate, and sometimes even increased the rate (arrow, Fig. S6 D). The absence of Bgs4 causes an increase in the septum ingression rate ([@bib58]), and the effects of the Bgs4 or Ags1 absence are very similar ([@bib18]). In accordance with this, the absence of Bgs4 or Ags1 promoted a decrease in the number of open septa with time in LatA (arrow, Fig. S6 D). Moreover, mutations in other proteins described to regulate Ags1 or Bgs4 (Rho2, Rho1, and the Rho-GEFs Rgf1 and Rgf3; [@bib10]; [@bib80]; [@bib29]) presented a similar decrease in open septa.

Overall, our data show that during phase 1 of slow ingression, the septum matures by the sequential incorporation of the septum membrane proteins, and during phase 2 of fast ingression, the septum is already mature. In this phase 2, Cdc42, its specific regulators (Gef1 and Hob3) and effector (Shk1), and the exocyst are essential for septum ingression in the absence of F-actin ([Fig. 8 C](#fig8){ref-type="fig"}).

Cytokinesis can progress with reduced or without PS at the septum edge {#s10}
----------------------------------------------------------------------

It has been proposed that cytokinesis is mainly driven by the pushing force of the growing PS synthesized by Bgs1 ([@bib72]). However, the observation that in cells depleted of Bgs4-dependent β(1,3)glucan, a defective PS can lag behind the septum membrane during ingression suggests that the addition of new membrane to the growing septum edge could be important for driving cytokinesis, at least in mutants with a defective PS ([@bib58]; [@bib30]). Since we have found the exocyst is essential for septum ingression without F-actin, and it has been suggested that an exocyst-dependent expansion of the septum membrane is required for cytokinesis ([@bib86]; [@bib90]), we used TEM to carefully examine the membrane deposition and septum edge ultrastructure in a high number of WT cells. A total of 122 TEM images of ingressing septa obtained from cells grown in different media from this study and 8 images from our previous studies ([@bib18], [@bib19]) were analyzed. We observed two different types of growing septum edges: 70 rounded and 60 sharp ([Fig. 9 A](#fig9){ref-type="fig"}). In the 70 rounded-edge septa, the PS covered the entire edge, and the PS edge limit (arrow) coincided with the septum membrane edge limit (arrowhead, [Fig. 9 A](#fig9){ref-type="fig"}, left). The 60 septa exhibiting a sharp edge had a much-reduced PS in the narrow sharp tip or even no detectable PS at the tip, indicating a delayed PS progression uncoupled from the membrane ingression. This in turn suggests that either SS or membrane addition, but not PS, can drive septum ingression ([Fig. 9 A](#fig9){ref-type="fig"}, right). Moreover, some recently completed septa (from 0.19 µm thickness) showed a thinner medial region without a PS, filled with a dark material or even with only the detectable membrane ([Fig. 9 A](#fig9){ref-type="fig"}, right; [@bib18]). However, all the mature complete septa analyzed (up to 0.42 µm thickness) presented a PS along the whole septum length, indicating that PS synthesis is not arrested in the sharp-edge septa, but instead lags behind membrane expansion during ingression.

![**Cytokinesis can progress with reduced or without PS at the septum edge. (A)** The analysis of the ultrastructure of ingressing septa from WT cells (*n* = 130 septa) reveals two types of growing septum edges: rounded (54%) and sharp (46%). Many sharp septa present a delayed PS edge (arrows) uncoupled from the plasma membrane edge (arrowheads) and CR ingression. The recent complete septa (from 0.19 µm thickness) sometimes present a narrow medial region without a PS, indicating a previous sharp septum edge lacking a PS. Cells were grown in either YES or MM at 28°C and examined by TEM. Scale bars = 2 µm. **(B)** Magnifications of sharp septum edges in TEM images as in A. The sharp septum edges can be classified into three types according to a gradual increase in the sharp edge phenotype: type 1, overlapping PS and plasma membrane edges, the PS reaches the edge of the sharp septum; type 2, delayed PS edge with respect to the plasma membrane edge, leaving a space filled by a dark material similar to that of the SS; and type 3, advanced plasma membrane with no detectable PS material between both plasma membrane layers. The percentage and number of each type of sharp edge with respect to the total number of analyzed sharp edges (*n* = 60 sharp septum edges) are shown in parentheses (statistics include two images from [@bib18]). Images are from cells grown in different media as in A. Scale bars = 1 µm. **(C)** Quantification of rounded and sharp septum edges with respect to the growth medium of cells analyzed by TEM as in A (statistics include six images from [@bib18], and two from [@bib19]). The number of each type of septum with respect to the total number of analyzed septa is shown in parentheses (YES, *n* = 67 septa; MM, *n* = 26 septa; MM+S, *n* = 37 septa). **(D)** Septa detected as complete by plasma membrane Bgs1 or syntaxin Psy1 localization present either complete or open PS (brackets) as detected by CW staining, similar to the complete septa observed by TEM in A. WT cells grown as in [Fig. 1 D](#fig1){ref-type="fig"} were analyzed by fluorescence microscopy as in [Fig. 2 C](#fig2){ref-type="fig"}. Scale bars = 2 µm. **(E)** Model of the ingression of both rounded and sharp septum edges. The addition of membrane vesicles allows the increase in plasma membrane surface and the decrease in CR tension (arrows). CR constriction coupled to septum plasma membrane and PS depositions permits overlapping plasma membrane and PS edges to make a rounded septum edge. CR constriction coupled to plasma membrane ingression but with reduced or delayed PS deposition generates a sharp septum edge, which can be classified into three types according to a gradual increase in the sharp edge phenotype, as described in B. PM, plasma membrane. Arrow, limit of PS edge; arrowhead, limit of septum membrane edge. Line points inside the septum membrane structure.](JCB_201808163_Fig9){#fig9}

A more detailed analysis of all the TEM images showed that the sharp septum edges can be classified into three types according to a gradual increase in the sharp edge phenotype ([Fig. 9 B](#fig9){ref-type="fig"} and Fig. S7, statistics included two images from [@bib18]): type 1, in which the thin PS edge (arrow) reaches the membrane edge (arrowhead) of the sharp septum, and the complete septa present a narrow medial region with PS; type 2, in which the PS edge does not reach the membrane edge, leaving a space filled by an electron-dense material resembling the SS, and the complete septa present a medial region without PS, filled with the electron-dense material; and type 3, in which the PS edge does not reach the membrane edge, leaving a space with no septum material detectable by TEM, and the complete septa present a medial region without PS between both membrane layers ([Fig. 9 B](#fig9){ref-type="fig"} and Fig. S7).

The sharp septum edge structure was more frequent in cells grown in rich yeast extract with supplement medium (YES; 64% of total septa) and less frequent in cells grown in minimal medium with 1.3 M sorbitol (MM+S; 22% of total septa; [Fig. 9 C](#fig9){ref-type="fig"}, statistics included six images from [@bib18], and two from [@bib19]). These differences might be due to the different growth rates (fastest in YES, slowest in MM+S), cell wall amounts (highest in YES, lowest in MM+S), or cell wall composition, which depends on the growth medium. Fluorescence microscopy analysis of many WT cells also enabled us to observe septa with complete membrane ingression, as detected by the localization of Bgs1 or the syntaxin homologue Psy1 ([@bib48]), but with open CW-stained PS (bracket, [Fig. 9 D](#fig9){ref-type="fig"}), similar to the complete septa without medial PS observed by TEM, which likely originated from septa with a sharp edge ([Fig. 9 A](#fig9){ref-type="fig"}, right).

The existence of septa with uncoupled PS and septum membrane ingressions does not mean that PS synthesis is arrested; indeed, the PS will ultimately and necessarily be completed as observed by TEM, time-lapse video, and fluorescence microscopy ([Fig. 9, A and D](#fig9){ref-type="fig"}; [@bib58]). We detected early complete septa (from 0.19 µm thickness) with or without PS in the septum middle region, which are much thinner than mature complete septa (up to 0.42 µm thickness), in which we never found incomplete PS. Therefore, PS synthesis is not arrested, but in some cases is delayed with respect to the membrane ingression, and during complete septum maturation, the PS is completed while the septum increases in thickness. This last stage of septum synthesis, even of PS material, must necessarily be performed by the glucan synthases along the septum membrane and by the glucan-modifying enzymes embedded in the septum wall to extend, modify, and cross-link the polysaccharides to their final complex structures ([@bib9]; [@bib27]; [@bib55]; [@bib32]).

Overall, these data show that the septum can progress with coincident PS and membrane edges, forming a rounded septum edge ([Fig. 9 E](#fig9){ref-type="fig"}, left), or with reduced or even delayed PS synthesis with respect to the ingressing membrane, forming three types of sharp septum edges according to a gradual increase in the sharp edge phenotype ([Fig. 9 E](#fig9){ref-type="fig"}, right). In both cases, rounded and sharp edges, septum ingression proceeds with the aid of the contractile function of the CR (arrow, [Fig. 9 E](#fig9){ref-type="fig"}), which maintains membrane tension, and with the landmark function of the CR, which maintains the glucan synthase rings and directs the deposition of vesicles and membrane expansion (circle, [Fig. 9 E](#fig9){ref-type="fig"}). Since the PS edge can advance coupled to, or delayed with respect to, the ingressing membrane edge, PS synthesis might not necessarily be the driving force of septum ingression.

Discussion {#s11}
==========

In fission yeast, septum ingression is not uniform but starts with a slow rate during anaphase B that increases after the onset of telophase ([@bib20]). It has been proposed that glucan synthesis by Bgs1 in the growing PS edge could provide the major force required to drive septum ingression, whereas the contractility of the CR might be largely dispensable ([@bib38]; [@bib72]). However, the contractility of the CR is still important for the overall septum ingression process, since it was shown that only septa longer than 50% of total length can slowly ingress to completion when the septum is devoid of actomyosin-dependent contractility ([@bib72]). Therefore, we were prompted to study the septation mechanism in the absence of F-actin and reexamine the role of the CR in the localization of glucan synthases during both phases of septum ingression.

Septum ingression comprises two consecutive phases of septum rudiment and long stable septum, each of them with different structural and phenotypical properties {#s12}
----------------------------------------------------------------------------------------------------------------------------------------------------------------

Our results showed that the two described septum ingression rates correlate with two consecutive phases of septation, which exhibit different levels of CW staining and septum maturation: phase 1, where the septum proteins are sequentially incorporated in a septum rudiment; and phase 2, where all the septum proteins have already been recruited in a mature septum. In addition, the septum shows structural differences between both phases when analyzed by TEM: the rudiment ultrastructure only shows a PS, whereas the ingressing septum permits discrimination of both the PS and SS ([@bib58]). We also found that these septation phases exhibit a distinct behavior in the presence of LatA: (1) septum rudiments, ≤15% of the septum length (≤0.30 µm), showed very unstable glucan synthase rings and were unable to ingress; and (2) longer septa, \>15% of the septum length (\>0.30 µm), with more stable glucan synthase rings and able to ingress ([Fig. 7 C](#fig7){ref-type="fig"}). Overall, these findings are consistent with previous studies ([@bib20]). Similarly, during *Drosophila* cellularization, the CR constriction is biphasic, with a significantly slower initial constriction rate ([@bib73]). This could be due to the plasma membrane expansion events required for furrowing at this stage, as has been proposed for the embryo ([@bib26]; [@bib87]).

Our findings, however, are not in agreement with the previous conclusion that only those septa longer than 50% of the total length are able to ingress without F-actin ([@bib72]). This discrepancy could be due to the protocols used at that time. In the previous work, septum ingression in the presence of LatA was only examined by time-lapse video during short times (up to 40 min), whereas in this study it was studied from short to long times with LatA (from 5 min to 3 h) by both time-lapse video and cell population analyses. During the applied LatA treatments, only one cell cycle took place, with the cells arresting in interphase after septation. Therefore, the observed septa are reflecting a sole cell division process occurring during the LatA treatment. Only the septa able to complete ingression in a short time in the presence of LatA were described in the previous study, and those correspond to the thin septa described here longer than 60% of the total length. The thick septa with spread glucan synthases were not described in the previous study because they ingress at an extremely slow rate and cannot complete septation during short times with LatA (up to 40 min). Here, we show that all septa longer than 15% of the total length progress to completion in the presence of LatA, initially fast, but after 15--20 min of LatA treatment, they become slow ingressing and thick. Therefore, only those septa longer than 60% of the total length can complete a fast ingression before this change occurs.

Cdc42 plays a central role in the establishment of polarized growth and membrane trafficking; however, its role in cytokinesis is less well understood. We found that the exocyst and Cdc42 are essential for the ingression of septa in cells treated with LatA. It has been described that Gef1 promotes the onset of CR constriction and septum synthesis ([@bib87]). Here we show a new function of Gef1, but not of the main Cdc42 GEF Scd1, that takes place after the septum rudiment maturation process and is essential for the ensuing ingression of the stable septum in the absence of F-actin. In budding yeast, Cdc42 is active during anaphase, and its activity drops during mitotic exit and the onset of septation ([@bib5]; [@bib62]). In contrast, fission yeast GTP-bound Cdc42 remains as a diffuse band in the middle of the cell during most of anaphase B (slow-ingressing rudiment), but localizes to the septum membrane later in telophase during fast septum ingression. Active Cdc42 provides a landmark interacting with the exocyst for vesicle fusion to the plasma membrane ([@bib66]; [@bib25]; [@bib34]). It is possible that the CR also plays a prominent role in determining normal septum membrane ingression and the Cdc42--exocyst pathway would be more prevalent in the absence of F-actin.

The differential ingression rate of phase 2 long septa in cells lacking F-actin relies on Cdc12 and Myo2-dependent maintenance of the Bgs1 ring {#s13}
-----------------------------------------------------------------------------------------------------------------------------------------------

Our time-lapse videos and cell population studies after short and long LatA treatments indicate that although the CR is not essential for ingression and completion of septa longer than 0.30 µm, its absence critically affects the septum ingression rate. First, the absence of F-actin in phase 2 long septa causes a contractile defect that maintains thin septa with glucan synthase rings in the edge but reduces the ingression rate, which is two times slower than the normal rate, in agreement with previous data ([@bib72]). Second, prolonged LatA treatment in phase 2 septa causes a landmark defect triggered by the loss of Myo2 or Cdc12 that in turn causes loss of the Bgs1 ring and the spreading of Bgs1 and, as a consequence of this, the spreading of Ags1 and Bgs4 all over the septum membrane. The diffusion of glucan synthases as a whole triggers the formation of thick septa. In agreement with these observations, we show that repression of *bgs1^+^*, but not of *bgs4^+^* or *ags1^+^*, produces thick septa similar to those observed with LatA, even if the CR remains localized to the septum edge. In summary, during cytokinesis the CR plays two essential roles: as a spatial landmark and as a contractile structure. As a landmark, it participates in the recruitment of Bgs1 into a ring, which is essential for the onset of septum synthesis, in the maturation and ingression of septum rudiments (phase 1), in the maintenance of the Bgs1 ring at the edge of ingressing mature septa (phase 2), and in the recruitment of the exocytic vesicles required for new membrane addition ([@bib85], [@bib86]; [@bib83]; [@bib40]; [@bib8]; [@bib90]). In its role as a contractile structure, it is also necessary as a safety closing belt mechanism that maintains the membrane tension required for a straight septum ingression ([@bib58]; [@bib30]).

Cytokinesis can progress with undetectable pushing by the PS at the growing septum edge {#s14}
---------------------------------------------------------------------------------------

It has been suggested that synthesis of PS provides the major force required to drive septum ingression ([@bib72]; [@bib89]) and also the opposite, that PS synthesis is insufficient to generate constriction and septum ingression ([@bib13]). In addition, it has been described that the absence of Bgs4-synthesized β(1,3)glucan causes both delayed PS progression and faster CR and membrane ingression than that of WT septa ([@bib58]; [@bib30]). Here, we show by both TEM and fluorescence microscopy that uncoupled PS synthesis and septum membrane ingression also occur in WT cells, although less frequently than in cells depleted of Bgs4. Our TEM analysis of 130 WT septa showed many septa where the PS edge is behind the septum membrane edge. These sharp-edge septa point to septum membrane ingression occurring with a reduced or nonexistent pushing force from the PS, likely by addition of exocytic vesicles and membrane edge expansion ([@bib83]; [@bib86]; [@bib90]), as has been shown in animal and plant cytokinesis ([@bib1]; [@bib71]; [@bib56]; [@bib78]). The PS synthesis is not necessarily performed from the Bgs1 ring at the septum edge. Bgs1 and the rest of the glucan synthases also localize throughout the septum membrane, and, therefore, septum synthesis is also performed along the septum, growing inward and increasing simultaneously the thickness of both the PS and SS ([Fig. 1 C](#fig1){ref-type="fig"}; [@bib15], [@bib16], [@bib18]; [@bib58]). It is hard to imagine how a tiny PS synthesis in the narrow sharp tip (type 1, 20% of analyzed septa) would provide the ingression force for the whole septum width. In addition, if pushing by the PS were necessary for ingression, the membrane edge would never separate and advance further than the PS edge (as observed in types 2 and 3 of sharp septum edges, which together account for 26% of the analyzed septa). Type 3 of sharp septum edges seems to be more abundant during the late stages of septum ingression; this suggests that coupled septum (PS and SS) and membrane ingressions could be more critical in the early stages of septation.

In addition, the fact that many septa imaged through different techniques of EM were observed to exhibit sharp edges in previously published studies (at least 18 previous studies and 39 images) confirms that the three types of sharp septum edge described here are not mere artifacts caused by fixation and dehydration for TEM imaging ([@bib37]; [@bib41], [@bib42]; [@bib52]; [@bib3]; [@bib7]; [@bib59]; [@bib22]; [@bib64]; [@bib18]; [@bib39]; [@bib63]; [@bib70]; [@bib58]; [@bib61]; [@bib21]; [@bib77]; [@bib86]).

Our results suggest that the contributions of total septum growth (PS and SS) and membrane addition to furrow ingression are more important than PS contribution. On the other hand, the thick slow-ingressing septa formed in the absence of Bgs1 and with the CR localized suggest that Bgs1 and the PS it synthesizes play an important role in determining the rate of septum ingression. Although in the absence of Bgs1 the CR is localized, it is unknown whether it is functional or not. Supporting a possible CR regulation by Bgs1, it has been described that the *cps1-191* mutation of Bgs1 causes unstable CR, and also that Bgs1 cooperates with CR proteins in the septum formation ([@bib19]; [@bib50]). A possible explanation is that Bgs1 and/or the PS, together with the CR, are a landmark for membrane addition during septation. If Bgs1 absence, a nonfunctional CR, or both cause a landmark defect impeding the vesicle fusion required for septum ingression, this would explain the low rates of septum ingression of the thick septa even in the presence of high levels of glucan synthases. This function would also be compatible with the existence of many WT septa with detached PS, lagging behind the septum membrane edge, and would explain the arrest in septum ingression with LatA of defective Cdc42 and exocyst mutants.

Overall, our results suggest that PS synthesis is not the cause of septum ingression, although a complete three-layered septum with complete PS and SS will always be formed and will be essential for a safe cytokinesis and cell separation. Membrane trafficking and addition at the division site are key components of plant and fungal cytokinesis. Therefore, fungi have developed a particular cytokinesis (Fig. S8), sharing similarities (1) with animal cytokinesis, requiring a centripetal CR closure that in animal cells causes the plasma membrane deformation and constriction together with membrane addition until cell abscission; however, it cannot cause membrane deformation in the rigid cell wall--encased fungal cells; and (2) with plant cytokinesis, requiring membrane addition as an important mechanism to drive cytokinesis in walled cells (Fig. S8; [@bib1]; [@bib71]; [@bib56]; [@bib78]).

Materials and methods {#s15}
=====================

Strains and culture conditions {#s16}
------------------------------

The *S. pombe* strains used in this study are listed in Table S1. The strains were made by genetic cross between the corresponding parental strains and either tetrads dissection or random spore selection against auxotrophies of both parental strains and analysis of the corresponding GFP or RFP localization.

*GFP-12A-bgs1*^+^ strains 1722 and 1723 were made as described for *GFP-bgs1^+^* strain 519 ([@bib15]) and contain an integrated copy of SmaI-cut pJK-*GFP-12A-bgs1*^+^ (*leu1^+^* selection), which directs its integration at the SmaI site adjacent to *bgs1*Δ*::ura4^+^*, at position −748 of the *bgs1^+^* promoter sequence. *GFP-bgs1*^+^ strain 1352 (*bgs1*Δ) is strain 519 (*bgs1*Δ*::ura4^+^*) made Ura^−^ by repeated growth in nonselective YES medium and selection of Ura^−^ colonies in minimal medium containing 5-fluoroorotic acid (5-FOA; 1 mg/ml). *GFP-12A-bgs1*^+^ strain 1675 contains the selection marker *leu1*^+^ adjacent to the *GFP-12A-bgs1*^+^ sequence replacing the native *bgs1*^+^ sequence. This strain was made from a Leu^−^ WT strain by homologous recombination of an ApaI-ApaI fragment of pSK-P*bgs1*^+^-*leu1^+^*-P*bgs1*^+^-*GFP-12A-bgs1*(*1-990*) (see below). Strains *tdTom-12A-bgs1*^+^ 1780 and 3591 contain integrated SmaI-cut pJK-*tdTom-12A-bgs1*^+^ (tandem dimer tdTomato variant of 2xRFP; [@bib76]) at position −748 of the *bgs1^+^* promoter sequence adjacent to *bgs1*Δ*::ura4^+^*. Strains with one to three tandem copies of the Cherry or one to two tandem copies of the Strawberry RFP variant containing a 12-alanine linker fused to Bgs1 were also tested. *Cher-12A-bgs1*^+^ and *Str-12A-bgs1*^+^ strains displayed lower RFP fluorescence and/or stability compared with that of *tdTom-12A-bgs1*^+^.

*GFP-12A-bgs4*^+^ strains 2364 and 2365 and *2xGFP-12A-bgs4*^+^ strain 2285 contain integrated StuI-cut pJK-*GFP-12A-bgs4*^+^ and pJK-*2xGFP-12A-bgs4*^+^, respectively, adjacent to *bgs4*Δ*::ura4^+^*, at position −1321 of the *bgs4^+^* promoter sequence. The obtained *GFP-12A-bgs1*^+^, *tdTom-12A-bgs1*^+^, *GFP-12A-bgs4*^+^, and *2xGFP-12A-bgs4*^+^ strains displayed a WT phenotype and similar or improved GFP and RFP fluorescences and localizations with respect to those of previous fusions without the 12-alanine linker.

Strains *ags1^+^-12A-GFP-12A* 3166, 3167, 3168, and 3169 and *ags1^+^-8A-Cher-12A* strain 4004 have been described previously ([@bib18]) and contain integrated AgeI-cut pJK-*ags1*(*1-6267*)*-12A-GFP-12A* and pJK-*ags1*(*1-6267*)*-8A-Cher-12A*, respectively, at base 6025 of the *ags1^+^* coding sequence. These strains expressed functional Ags1-GFP and Ags1-RFP. Strains with two tandem copies of 8A-Cherry-12A or one to two tandem copies of 8A-tdTomato-12A were also tested. The *ags1^+^-8A-2xCher-12A* and *ags1^+^-8A-tdTom-12A* strains expressed a fully functional Ags1-RFP, whereas *ags1^+^-8A-2xtdTom-12A* only expressed a partially functional Ags1-RFP compared with that of *ags1^+^-8A-Cher-12A*. Ags1-GFP strains 3400 and 3402 are the strains 3167 and 3169, respectively, made Ura^−^ by selection in minimal medium containing 5-FOA (1 mg/ml).

P*nmt1*-81X-*bgs1*^+^ strain 1506 contains the selection marker *ura4*^+^ adjacent to the 81X version (low expression) of the thiamine-repressible *nmt1*^+^ promoter ([@bib53]), followed by the *bgs1*^+^ ORF. This strain was made from a Ura^−^ diploid strain by homologous recombination of an ApaI-NotI fragment of pSK-P*bgs1*^+^-*ura4^+^-*81X-*bgs1*(*1-983*) (see below) and sporulation. The resulting 81X-*bgs1*^+^ haploid strain contained one single integrated *bgs1*^+^ copy under the control of the *nmt1*-81X promoter and exhibited a phenotype of elongated, branched, and multiseptated cells in the presence of thiamine (+T, repressed conditions) and a WT phenotype in its absence (−T, induced conditions) as described before ([@bib17]). The following 81X-*bgs1*^+^ strains 2076, 2078, and 2100 were made from strain 1506 by genetic cross and random spore analysis selecting against the corresponding parental auxotrophies. 81X-*bgs1*^+^ strain 2292 is strain 2078 made Ura^−^ by 5-FOA selection.

Strain *bgs4*Δ*::ura4^+^* P*nmt1*-81X-*bgs4*^+^ 1368 (*his3*^+^ selection) has been described previously ([@bib58]) and contains the *bgs4*Δ*::ura4^+^* deletion and one single integrated *bgs4*^+^ copy expressed under the control of the *nmt1*-81X promoter. Strain P*nmt1*-81X-*ags1*^+^ 2086 has been described previously ([@bib18]) and contains one single integrated *ags1*^+^ copy expressed under the control of the *nmt1*-81X promoter. This strain was made from a Ura^−^ diploid strain by homologous recombination of an ApaI-ApaI fragment of pSK-P*ags1*^+^-*ura4^+^-*81X-*ags1*(*1-2603*) (see below) and sporulation. 81X-*ags1*^+^ strain 4373 was made from strain 2086 by genetic cross and random spore analysis selecting against the corresponding parental auxotrophies. The strains 81X-*bgs4*^+^ and 81X-*ags1*^+^ exhibit strong lytic phenotype in the presence of thiamine (+T, repressed conditions) and WT phenotype in its absence (−T, induced conditions).

Complete yeast growth (YES), selective (MM) with the appropriate supplements, and sporulation agar (SPA) media ([@bib23]; [@bib2]) have been described previously. Selective MM+S is MM with 1.3 M sorbitol. Thiamine (+T; Sigma-Aldrich ref. T4625) was used at a 20-µg/ml final concentration (from a stock of 20 mg/ml in water). The actin-depolymerizing and monomer-sequestering drug LatA (Enzo Life Sciences) was used at a 100-µM final concentration (from a stock of 10 mM in DMSO). Under these conditions of high excess of LatA, all F-actin structures of cables, patches, and CR were depolymerized in \<5 min as previously reported ([@bib65]; [@bib88]; [@bib72]; [@bib28]). Cell growth was monitored by measuring the A~600~ of early log-phase cell populations in a SmartSpec 3000 spectrophotometer (Bio-Rad; A~600~ 0.1 = 10^6^ cells/ml). The determinations were performed in two different clones of the same strain in two independent experiments.

Early log-phase cells were grown at 28°C in YES medium. The thermosensitive myosin *myo2-E1* and formin *cdc12-112* cells were grown at 25°C in YES+S medium and shifted to the restrictive temperatures of 28°C for 10--24 h, 32°C for 1--8 h, or 36°C for 1--8 h, as indicated in each case (see legends of [Fig. 6 E](#fig6){ref-type="fig"} and Fig. S5 B; [@bib12]; [@bib6]). Other thermosensitive mutant cells (see legends of [Fig. 8 C](#fig8){ref-type="fig"} and Fig. S6 D) were grown at 25°C in YES medium, shifted to the corresponding highest permissive temperature and time before addition of LatA as specified, and kept at the same temperature during LatA treatment: septation initiation network (SIN) *sid2-250* cells were shifted to 28°C for 2 h (highest limit before cell lysis initiation; [@bib6]); *rho1-596* cells were shifted to 32°C for 3 h (highest limit before cell lysis initiation; [@bib82]); *rgf3-1* (*ehs2-1*) and *cdc42-L160S* cells were shifted to 36°C for 4 h (highest limit before cell lysis initiation; [@bib80]; [@bib25]); and *sec8-1* cells were shifted to 32°C for 24 h before LatA treatment (highest permissive temperature; [@bib85]). Constitutive *cdc42-D76G* mutant cells were grown and maintained at 28°C during LatA treatment ([@bib25]). 81X-*bgs4^+^* and 81X-*ags1^+^* cells were grown in MM at 28°C, transferred to YES+T (YES with additional 20 µg/ml thiamine) for 5 and 2 h, respectively (limit of cell lysis initiation during depletion of Bgs4 or Ags1), before LatA addition, and kept in the same medium during LatA treatment ([@bib18]; [@bib58]). Similarly, 81X-*bgs1^+^* cells were grown in MM at 28°C, transferred to YES+T for 5 h (initiation of the defect in septum degradation and cell separation during Bgs1 depletion) before LatA addition, and kept in the same medium during LatA treatment. Under these conditions, septum ingression without LatA of thermosensitive mutant cells, as well as 81X-*bgs1^+^*, 81X-*bgs4^+^*, and 81X-*ags1^+^* mutant cells, proceeded similarly to that of the WT strain. The analysis of septa formed in the absence of Bgs1 was performed in 81X-*bgs1^+^* cells grown in MM+S at 28°C and transferred to MM+S+T for 8, 10, 15, and 24 h, as described previously ([@bib17]). General procedures for yeast and bacterial culture and genetic manipulations were performed as described previously ([@bib54]; [@bib74]).

Plasmids and DNA techniques {#s17}
---------------------------

Plasmids pJK-*bgs1^+^*, pJK-*bgs4^+^*, and pJK-*ags1*(*1-6267*) have been described previously ([@bib15], [@bib16], [@bib17], [@bib18]). These plasmids are the integrative plasmid pJK148 (*leu1*^+^ selection) with an 8.8-kb ApaI-SpeI *bgs1^+^*, 8.8-kb PstI-NheI *bgs4^+^*, and 9.1-kb EcoRI-NheI *ags1*(*1-6267*) fragment, respectively.

A 12-alanine coding sequence used as a linker to provide flexibility was fused by site-directed mutagenesis ([@bib46]) to the *GFP* 5′ and/or 3′-end coding sequence of pKS-*GFP* ([@bib15]), making pKS-*GFP-12A*, pKS-*12A-GFP*, and pKS-*12A\*-GFP-12A*. 12A\* indicates a nucleotide sequence different from 12A, thus avoiding homologous recombination. pKS-*Cherry*, pKS-*Strawberry*, and pKS-*tdTomato* are pKS^+^ with a BamHI-EcoRI fragment containing the 705-bp *Cherry* and *Strawberry* and 1,425-bp *tdTomato* coding sequences from pRSET-*Cherry*, pRSET-*Strawberry*, and pRSET-*tdTomato* variants of monomeric *mRFP1*, respectively (kindly provided by R. Tsien, University of California at San Diego, La Jolla, CA; [@bib76]). A 12-alanine coding sequence was fused to the *RFP* 3′-end coding sequence of pKS-*Cherry*, pKS-*Strawberry*, and pKS-*tdTomato*, making pKS-*Cher-12A*, pKS-*Str-12A*, and pKS-*tdTom-12A*, respectively. Similarly, 8- and 12-alanine coding sequences were fused to the *Cherry* and *tdTomato* 5′ and 3′-end coding sequences, making pKS-*8A*\**-Cher-12A* and pKS-*8A*\*-*tdTom-12A*, respectively.

pJK-*GFP-12A-bgs1^+^*, pJK-*GFP-12A-bgs4^+^*, and pJK-*2xGFP-12A-bgs4^+^* are pJK-*bgs1^+^* and pJK-*bgs4^+^* with *GFP-12A* or tandem *2xGFP-12A* inserted in-frame after the start codon, at base 4 (amino acid 2) of *bgs1^+^* and *bgs4^+^* coding sequence, respectively. pJK-*tdTom-12A-bgs1^+^* is pJK-*bgs1^+^* with *tdTom-12A* inserted in-frame at base 4 of *bgs1^+^* coding sequence. Similarly, pJK-*ags1*(*1-6267*)*-12A-GFP-12A* and pJK-*ags1*(*1-6267*)*-8A-Cher-12A* are pJK-*ags1*(*1-6267*) with *12A-GFP-12A* and *8A-Cher-12A*, respectively, inserted in-frame at base 5866 (amino acid 1956) of *ags1^+^* coding sequence.

pSK-P*bgs1*^+^-*leu1^+^*-P*bgs1*^+^-*GFP-12A-bgs1*(*1-990*) contains a *bgs1*^+^ promoter fragment (nt −3029 to −2179), the *leu1*^+^ sequence (3.2 kb), and a P*bgs1*^+^-*GFP-12A-bgs1*^+^ 5′ ORF fragment (nt −2176 to +990) from pJK-*GFP-12A-bgs1^+^*. An ApaI-ApaI P*bgs1*^+^-*leu1^+^*-P*bgs1*^+^-*GFP-12A-bgs1*(*1-990*) fragment was used as a *bgs1^+^* substitution cassette to make integrated *GFP-12A-bgs1*^+^ strains.

pSK-P*bgs1*^+^-*ura4^+^-*81X-*bgs1*(*1-983*) contains a *bgs1*^+^ promoter fragment (nt −2070 to −1088), the *ura4*^+^ sequence (2.2 kb), and a P*nmt1*-81X-*bgs1*^+^ 5′ ORF fragment (1.2 kb of *nmt1*^+^ promoter and nt +1 to +983 of *bgs1*^+^ 5′ ORF) from p81XL*-bgs1^+^* (pJR102 version; [@bib17]). An ApaI-NotI P*bgs1*^+^-*ura4^+^-*81X-*bgs1*(*1-983*) fragment was used as a *bgs1^+^* substitution cassette in a diploid strain to make integrated P*nmt1*-81X-*bgs1*^+^ strains.

p81XH*-bgs4^+^* has been described previously ([@bib16]). This plasmid contains the *bgs4^+^* ORF with XhoI and PstI sites inserted by site-directed mutagenesis just before the start codon and after the TAG stop codon of *bgs4^+^*, respectively, cloned into XhoI-PstI of pJR2-81XH (*his3^+^* selection and *nmt1*-81X promoter; [@bib53]).

pSK-P*ags1*^+^-*ura4^+^-*81X-*ags1*(*1-2603*) has been described previously and contains an *ags1^+^* promoter fragment (nt −2125 to −1099), the *ura4^+^* sequence (2.2 kb), and a P*nmt1*-81X-*ags1^+^* 5′ ORF fragment (1.2 kb of *nmt1*^+^ promoter and nt +1 to +2603 of *ags1^+^* 5′ ORF) from p81XL*-ags1^+^* ([@bib18]). An ApaI-ApaI P*ags1*^+^-*ura4^+^-*81X-*ags1*(*1-2603*) fragment was used as an *ags1^+^* substitution cassette in a diploid strain to make integrated P*nmt1*-81X-*ags1*^+^ strains.

Microscopy techniques {#s18}
---------------------

For cell wall staining, early log-phase cells grown at 28°C in YES or YES + LatA (100 µM), with additional 20 µg/ml thiamine (+T) for cells repressing *bgs1*^+^, *bgs4*^+^, or *ags1*^+^, were concentrated (2,000 *g* for 30 s) and visualized directly by adding a solution of CW (50-µg/ml final concentration from a stock of 10 mg/ml in water \[Blankophor, Bayer; Fluorescent Brightener 28, Sigma-Aldrich\]) to the cell suspension and using the appropriate filter. GFP and RFP were visualized directly with the appropriate filters. Images were obtained with a fluorescence microscope (model DM RXA; Leica), a PL APO 63×/1.32 oil PH3 objective, a digital camera (model DFC350FX; Leica), and CW4000 cytoFISH software (Leica) and processed (brightness, contrast, and/or sharpness) with Adobe Photoshop CS2 software. All the analyses were repeated in three to seven independent experiments, and representative images of the analyzed phenotypes were interchangeably selected from the experiments. Graphical data were calculated from 3--20 independent experiments. The number of experiments and of total septa or cells analyzed is shown in each case.

F-actin staining was performed as previously described ([@bib49]; [@bib11]), with some changes. Early log-phase cells were fixed with 0.1 vol of PEM buffer (100 mM Pipes, 1 mM EGTA, and 1 mM MgSO~4~, pH 6.9) and 0.2 vol of 16% ultra-pure EM-grade formaldehyde (Polysciences, ref. 18814) for 40--60 min at growth temperature. Cells were washed three times with PEM (2,000 *g* for 2 min), permeabilized with PEM + 1% Triton X-100 for 1 min, and washed three times with PEM. Cell pellets (1 μl) were incubated in 8 μl of Alexa Fluor 488--phalloidin (stored in MeOH in aliquots of 3 U/15 μl, dried, and reconstituted in 50 μl of PEM \[Life Technologies, ref. A12379\]) for 1 h at room temperature in the dark and stored at 4°C or visualized directly with the appropriate filter. Images were obtained with a fluorescence microscope (model DM RXA; Leica), a PL APO 63×/1.32 oil PH3 objective, a digital camera (model DFC350FX; Leica), and MetaMorph software (Molecular Devices). Maximal intensity projections of color images were created with ImageJ software (National Institutes of Health). Images in Fig. S1 B are maximal intensity projections of five Z-sections spaced at 0.30 µm. The analysis was repeated in three independent experiments, and representative images of the analyzed phenotypes were interchangeably selected from the experiments.

Time-lapse video imaging was performed essentially as previously described ([@bib18]). 0.5 ml of early log-phase cells grown in YES containing CW (5-µg/ml final concentration) at 28°C were collected by low-speed centrifugation (2,000 *g* for 30 s), resuspended in 300 µl of YES or YES + LatA medium containing CW (5-µg/ml final concentration), and placed in a well from a μ-Slide 8-well or a μ-Slide 8-well glass bottom (ibidi, ref. 80821-Uncoated and 80827) previously coated with 10 µl of 1-mg/ml soybean lectin (Sigma-Aldrich, ref. L1395). Time-lapse video experiments were made at 28°C by acquiring epifluorescence cell images in single planes and 1 × 1 binning on an inverted microscope (model IX71; Olympus) equipped with a PlanApo 100×/1.40 IX70 objective and a Personal DeltaVision system (Applied Precision). Images were captured using a CoolSnap HQ2 monochrome camera (Photometrics) and softWoRx 5.5.0 imaging software (Applied Precision) and restored by 3D Deconvolution (conservative ratio, 10 iterations, and high noise filtering) through softWoRx imaging software. Finally, images were processed (brightness and/or contrast) with ImageJ and Adobe Photoshop CS2 software. All the time-lapse videos were repeated, and the data were calculated from 3--30 independent experiments. The number of experiments and of total cells analyzed is shown in each case.

Measurements of septum length were made with the ImageJ software, using original images to avoid any artificial increase of fluorescence area and calibrating the measurement of images according to the used objective, 63× (1 pixel = 0.102 µm) or 100× (1 pixel = 0.0663 µm). Fluorescence intensity analysis of Bgs1 and CR proteins fused to RFP and GFP, respectively, was made with the integrated density function of ImageJ software and using original images acquired in the same conditions by placing a fixed circle on each fluorescent ring, measuring maximal and total fluorescence values, and subtracting the background fluorescence value. Values are shown as arbitrary units (A.U.). Data distribution was assumed to be normal, but this was not formally tested.

TEM {#s19}
---

Early log-phase cells grown in MM (100 ml), MM + 1.3 M sorbitol (100 ml), YES (100 ml), or YES + LatA (6 ml) at 28°C were collected and fixed with 2% glutaraldehyde EM (Electron Microscopy Science) in 50 mM phosphate buffer, pH 7.2, and 150 mM NaCl (PBS) for 2 h at 4°C, post-fixed with 1.2% potassium permanganate overnight at 4°C, and embedded in Quetol 812 as described previously ([@bib44]). Ultrathin sections were stained in 4% uranyl acetate and 0.4% lead citrate and viewed with a transmission electron microscope (Hitachi; model H-800) operating at 125 kV.

Online supplemental materials {#s20}
-----------------------------

Fig. S1 shows that the septum of cells growing in the absence of F-actin is able to ingress to completion and that the percentage of cells with septa decreases along the time of LatA treatment. Fig. S2 shows that the complete septa formed in cells deprived of F-actin can be degraded for cell separation. Fig. S3 shows that cells deprived of F-actin exhibit three different septum stages depending on the phase of septum ingression and on the type of Bgs1 glucan synthase localization to the septum membrane. Fig. S4 shows that the formation of thick septa, which is triggered by the loss of the landmark function of the CR, ultimately depends on the Bgs1 ring loss. Fig. S5 shows that Bgs1 depletion originates thick septa that do not depend on the loss of CR proteins, whose localization is not affected, but on the ensuing loss of Ags1 and Bgs4 rings. Fig. S6 shows that the ingression of stable mature septa (phase 2 septa) in cells deprived of F-actin is controlled by glucan synthase and Rho regulatory proteins. Fig. S7 shows that the sharp septum edges can be classified into three types according to a gradual increase in the sharp-edge phenotype. Fig. S8 shows that fungal cytokinesis shares similarities with animal and plant cytokinesis and shows models of animal, plant, and fungal cytokinesis. Video 1 is a time-lapse video of a representative field of WT cells showing the two phases of septum ingression with different levels of CW staining. Table S1 lists the fission yeast strains used in this study.
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